E8 to E18 significantly increased ductal area and ductal extension in exposed fetuses and obliterated positional differences. In the stroma, BPA exposure promoted maturation of the fat pad and altered the localization of collagen. Within the epithelium, BPA exposure led to a decrease in cell size and delayed lumen formation. Because mammary gland development is dependent on reciprocal interactions between these compartments, the advanced maturation of the fat pad and changes in the extracellular matrix may be responsible for the altered growth, cell size, and lumen formation observed in the epithelium. These results suggest that alterations in mammary gland phenotypes observed at puberty and adulthood in perinatally exposed mice have their origins in fetal development. (Endocrinology 148: 116 -127, 2007) E PIDEMIOLOGICAL STUDIES AND animal experimentation have revealed that alterations in the nutritional status of a developing fetus may increase susceptibility to disease later in life (1, 2) . This new emphasis on the fetal origin of adult disease, in combination with epidemiological data, has prompted scientists to hypothesize that prenatal exposure to synthetic estrogen-like chemicals, i.e. xenoestrogens, may play a role in the increased incidence of breast cancer over the last 50 yr (3) (4) (5) .
Bisphenol-A (BPA), a plasticizer used in the manufacturing of polycarbonate plastics and epoxy resins, has been shown to leach from food and beverage containers (6 -8) and dental sealants and composites (9) under normal conditions of use (10) . This xenoestrogen has been measured in maternal and fetal plasma and placental tissue at birth in humans (11, 12) . A recent study of 394 Americans reported that BPA was found in 95% of urine samples (13) . From these data, the mean exposure was estimated to be 40 ng/kg body weight (BW) per day and the 95th percentile was 230 ng/kg BW per day, assuming that 70% of the daily dose was excreted into the urine. A smaller study estimated a maximum daily intake of BPA to be 230 ng/kg BW (14) .
Exposure of rodents to low doses of BPA during fetal development has been shown to induce early vaginal opening (15) , advance the onset of puberty (16) , disrupt estrous cyclicity (17, 18) , and decrease serum levels of LH after ovariectomy (18) . Perinatal exposure to BPA alters postnatal mammary gland development (3, 4) and increases the sensitivity to estradiol at puberty (4) . We postulate that these changes are a consequence of altered development during the period of BPA exposure. Like other ectodermal appendages such as teeth, hair, and salivary glands, the fetal mammary gland is formed by reciprocal interactions between multiple tissue compartments. The mammary epithelium, derived from the embryonic ectoderm, and the mammary mesenchyme, derived from the embryonic mesoderm, are first detected between embryonic day (E)10 and E11 in the mouse (19) . From E11 to E12.5, the epithelial placodes begin to increase in size to form rounded buds, and estrogen receptor (ER)-␣ and ER␤ mRNAs begin to be expressed in the mesenchyme (20) . Between E13 and E15, the epithelial buds invaginate into the underlying mesenchymal tissue, which becomes denser in the area abutting the mammary epithelium (21) . Finally, on E16, the epithelium forms a primary sprout, which undergoes a significant increase in proliferation before it pushes through the closely associated mammary mesenchyme and penetrates the primitive fat pad, a cluster of preadipocytes found in the deeper dermal tissue (21) . Several days later, the mammary epithelium branches and the epithelial cord hollows to allow for the formation of a continuous lumen (22) .
We chose to examine the hypothesis that BPA alters fetal mammary gland development at E18, a time during which ductal branching and fat pad differentiation are taking place, thus providing various measurable morphological end points that could be potentially altered by BPA exposure. Based on available information (13, 14) , we chose to expose dams to 250 ng BPA/kg BW⅐d, a dose that should fall within the range of estimated human exposure. We began by observing the normal morphology of the mammary gland at E18, a time point that has not been extensively described before this study, and found that exposure to BPA altered several of the growth parameters measured. Because mammary gland development is dependent on reciprocal interactions between the stroma and the epithelium, we also studied the morphological and histological characteristics of both compartments.
Materials and Methods

Dosing of dams with BPA
Sexually mature female CD-1 mice (8 wk of age; Charles River Laboratories, Wilmington, MA) were maintained in temperature-controlled and light-controlled (14-h light, 10-h dark cycle) conditions in the Tufts University School of Medicine animal facility. All experimental procedures were approved by the Tufts University-New England Medical Center Animal Research Committee in accordance with the Guide for Care and Use of Laboratory Animals. Cages and bedding tested negligible for estrogenicity by the E-SCREEN assay (23); water was supplied from glass bottles only. Food (Harlan Teklad 2008; Indianapolis, IN) was supplied ad libitum; estrogenicity of feed was measured at 20 fmol of estrogen equivalents per gram, a negligible amount (23) . Female mice were mated with CD-1 breeding males, and the morning on which a vaginal plug was observed was designated E1. On the evening of E8, mice were weighed and implanted with Alzet osmotic pumps (Alza Corp., Palo Alto, CA) designed to deliver either 50% dimethyl sulfoxide (vehicle control) or 250 ng BPA per kilogram BW per day dissolved in vehicle. The actual delivered dose decreased as pregnancy progressed because the weight of the mother increased over this period. This dose was chosen both because it is thought to be environmentally relevant and it has been shown to alter more end points than the lower doses in our previous studies, in both the mammary gland (3, 4, 17) and other estrogen-target organs (24, 25) .
Delivery and dissections
On the afternoon of E18, dams were injected with a sublethal dose of ketamine and xylazine, and fetuses were delivered singly by cesarean section and decapitated. The position of each fetus in the uterus was recorded and the fourth inguinal mammary glands were dissected from each female with the aid of a dissection microscope (Zeiss, New York, NY). Briefly, an incision was made through the skin from the vagina to the neck. The skin was gently peeled away from the muscle wall of the body, and the mammary gland was removed from the skin. One mammary gland was whole mounted and its contralateral gland was embedded in paraffin for light microscopy and immunohistochemical analysis. Additional fourth inguinal mammary glands were collected in RNase-free conditions for RT-PCR analysis. These glands were immediately immersed in RNA-later (Ambion, Austin, TX) and stored at 4 C after the completion of the dissections. Glands were then transferred to RNase-free Eppendorf tubes and stored at Ϫ80 C.
Whole mounts and paraffin embedding
To prepare the whole mounts, the mammary glands were spread onto glass slides, fixed with 4% paraformaldehyde (Polysciences, Warrington, PA) in 0.1 m PBS overnight, stained with Carmine Alum (Sigma, St. Louis, MO), dehydrated, and mounted with Permount (Sigma). To prepare paraffin sections, mammary glands were fixed with 4% paraformaldehyde in 0.1 m PBS for 18 -20 h at room temperature, washed in 0.1 m PBS, dehydrated through a series of alcohols and xylene, and embedded with Paraplast paraffin (Fisher, Fair Lawn, NJ) under vacuum. Five-micrometer sections were cut on an RM2155 rotary microtome (Leica, Québec, Canada) and mounted on Superfrost slides (Fisher); the entire mammary gland was sectioned at once. Sections were processed through xylenes to remove the paraffin, and hydrated by a series of alcohols. Every fifth section was stained with Harris' hematoxylin to determine the presence of epithelial cords; only those sections with visible cords were used for further analysis. Epithelial cords were examined in each section for the initiation of lumen formation indicated by the absence of cells in the inner part of the cord.
Immunohistochemistry
Sections were treated with xylene to remove paraffin and rehydrated through a series of alcohols and PBS and then microwaved in 10 mm citrate buffer (pH 6) for antigen retrieval. Nonspecific binding was blocked for 1 h with normal goat serum in 1.5% milk. Sections were incubated overnight at 4 C in a humid chamber with primary antibody. Biotinylated goat antirabbit IgG (Zymed, San Francisco, CA) was applied to sections for 1 h in a humidified chamber at room temperature. Slides were rinsed with PBS and detection of positive cells was accomplished using alkaline phosphatase (Vectastain ABC-AP kit; Vector, Burlingame, CA) or streptavidin-peroxidase-diaminobenzidine (Sigma). Samples were counterstained with Harris' hematoxylin, dehydrated, and mounted with a permanent mounting medium. Immunohistochemistry was performed for Ki67 (Vector), a nuclear antigen expressed by proliferating cells; Bax (Santa Cruz Biotechnology, Santa Cruz, CA), a positive regulator of apoptosis; adipocyte lipid binding protein (ALBP) (Abcam, Cambridge, UK), a protein that binds long-chain fatty acids found in adipocytes and adipocyte precursors; and ER␣ (Abcam). Primary and secondary antibody concentrations were as follows: Ki67, 1:5000/1:2000; Bax, 1:100/1:500; ALBP, 1:200/1:500; ER␣, 1:500/1:1000.
Morphometric and thresholding analysis
Whole mounts. Whole mounted mammary glands were viewed through a Zeiss Stemi 2000-c dissection scope at ϫ3.2. Images were captured by an AxioCam HRc digital camera (Zeiss) at 2600 dots per inch (dpi) and processed with Axiovision software (version 4.3; Zeiss) to measure the following parameters: area of the ductal tree, measured by outlining the ducts; area subtended by the ductal tree, measured by connecting the outermost edges of the ductal tree; ductal extension, measured as the distance from the nipple to the furthest point of growth; number of branching points; number of secondary and tertiary branches; number of terminal ends; and primary duct length, measured as the distance from the nipple to the first branching point.
Sections stained with hematoxylin. Sections were viewed through a Zeiss Axioskop 2 plus light microscope at ϫ5 and ϫ10. Images were captured at 3900 dpi using the AxioCam HRc digital camera. Epithelial cords were examined in each section for lumen formation and morphological criteria were used to determine the percentage of epithelial cells that were apoptotic (26) . In those sections in which no lumen was present, the total area covered by epithelium was measured using the Axiovision software and the number of cells within this area was counted; the average cell size was calculated from these measurements. In the stromal compartment, the location of each cell containing a clear vacuole was marked; the number of marked cells within discrete distances from the epithelium was measured. Additionally, fifteen 50 ϫ 50 m boxes were randomly placed on cross-sections of each mammary gland. Within boxes that fell on the developing fat pad, the numbers of nuclei within the box were counted; the values for each box were averaged to obtain the fat pad cellular density.
Sections stained with Masson's Trichrome. To examine fibrous collagen, 5-m sections stained with Masson's Trichrome were viewed and images captured as described for hematoxylin. Using the Axiovision software, the density and relative area covered by each compartment was measured. Morphometric analysis used 20 ϫ 20 m grids placed on five random fields to assess the number of vacuoles and size of vacuoles per adipocyte. Additionally, thresholding techniques were used to compare the area covered by collagen and the density of collagen within defined regions. Briefly, a baseline threshold for intensity of blue (collagen) staining was selected blindly. The Axiovision program then determined the amount and density of collagen in each sample at or above that threshold. Area occupied by collagen and density of collagen staining was measured in entire sections or in regions within 10, 20, 30, and 50 m of the epithelium.
Epithelial immunohistochemistry. Five-micrometer sections were viewed and captured as described for hematoxylin. For Ki67 and Bax immunohistochemistry, both positive cells and total cells in the epithelial compartment were counted; percentage of positive cells were calculated. Positive cells were also separated by their location in the epithelial cord. Cells along the outer edge of the epithelium were considered outer cord cells and cells on the inner portion of the epithelium were considered inner cord cells. For ER␣ immunohistochemistry, qualitative observations were made regarding the location and type of staining (cytoplasmic or nuclear).
Stromal immunohistochemistry. Bax and ER␣ expression were each observed in 5-m sections viewed and captured at ϫ10 and 3900 dpi. For each sample, five image fields were captured. Using morphometric analysis techniques as described by Howard and Reed (27) , a 25 ϫ 25 m grid was placed on each field. Positive cells were counted only when they were located at the cross-hairs of the grid, allowing us to determine the volume fraction occupied by positive cells. Each cell was further classified by its location in the connective tissue or the developing fat pad. For ALBP immunohistochemistry, qualitative observations were made regarding the cellular localization of the staining and type of cells stained.
RNA isolation and quantitative real-time RT-PCR
RNA isolation and quantitative RT-PCR protocols were followed as described previously (4) using mammary glands pooled from all female pups in a litter. The PCR program was 95 C for 15 min for activation of the Taq polymerase followed by 45 cycles of 95 C for 15 sec, 59 C for 30 sec, and 72 C for 30 sec. A dissociation curve was set up at the end of the run to determine the purity of the PCR products.
Forward and reverse primers were as follows: ER␣ forward, ttgatcaagggcagtcacaa, reverse, ctccgagtcacagtcattgc (detecting nucleotides 2886 -3000); peroxisomal proliferator-activated receptor (PPAR)-␥ forward, aggccgagaaggagaagctgttg, reverse, tggccacctctttgctctgctc (detecting nucleotides 683-958); ER␤ forward, tggtcaagcttggatgtgac, reverse, tgacagtgaccacattcagaca (detecting nucleotides 2570 -2673); ALBP forward, ctggtgcaggtgcagaagt, reverse, aatttccatccaggcctctt (detecting nucleotides 317-470); collagen I forward, gtcctagtcgatggctgctc, reverse, acacggaattcttggtcagc (detecting nucleotides 4034 -4173 of procollagen type1␣2); L19 (housekeeping gene) forward, atcgccaatgccaactcc, reverse, tcatccttctcatccaggtca (detecting nucleotides 101-305).
A pubertal mammary gland was included in every run as a positive control and identified as the calibrator. The cycle threshold values of the gene of interest for each sample were first normalized to the housekeeping gene (L19). The fold change of gene expression for every sample was then calculated with respect to the calibrator sample.
Statistics
The SPSS statistical software package 10.1 (SPSS Inc., Chicago, IL) was used for all statistical analysis; t tests were used to directly compare vehicle and BPA-treated whole mounts. ANOVA tests were used to assess differences between each uterine positioning group and planned t tests were used to compare control and 250 ng/kg BW⅐d BPA groups at each uterine position. Because no histological or immunohistological end points were found to be influenced by intrauterine positioning, a single fetus from each litter, chosen arbitrarily with respect to intrauterine position, was used for further analyses.
Because the data were not normally distributed, we used MannWhitney U nonparametric tests to compare control and BPA-exposed groups for histological studies. Because individual offspring cannot be exposed prenatally, we were obliged to dose the dams. Hence, we were careful to randomize maternal effects and maximize the number of maternal units represented in each group. For each histological measurement, only one individual from a given litter was assigned to each group or end point. Finally, a 2 test was performed to compare the incidence of lumen in the mammary gland epithelium of control and BPA-exposed animals. For all statistical tests, results were considered significant at P Ͻ 0.05. All results are presented as mean Ϯ sem.
Results
Morphological parameters of the fetal mammary gland
We performed morphometric analysis of mammary gland whole mounts for several parameters including ductal area, maximal width of the ductal tree, length of the primary duct, farthest extension of the ductal tree, number of branching points, number of tertiary branches, and number of terminal ends (Fig. 1A) . The overall size of the vehicle-treated ductal tree varied widely among subjects, with ductal area ranging from 0.03 to 0.15 mm 2 and the area subtended by the ductal tree ranging from 0.07 to 0.40 mm 2 (Table 1) . We also measured ductal extension, and found less variation in this parameter (0.48 -1.10 mm). Additionally, we found a great variety in the number of branching points (range 1-7) and its related parameter, the number of terminal ends (range 2-8).
BPA alters the overall organization of the fetal mammary gland
When we compared the morphological characteristics described above for the vehicle-exposed mice with BPA-treated FIG. 1. Effects of intrauterine position on the growth of the mammary ductal tree in control and BPA-exposed fetuses. A, Whole mount of control 0M female mammary gland. B, Whole mount of BPA-exposed 0M female mammary gland. Note the increased size of the epithelial cords, compared with controls. C, Number of branching points was increased in control 1M (gray) and 2M (violet) females, compared with 0M (green) females. In BPA-exposed females, 0M females were as developed as 1M and 2M females. D, Area subtended by the ductal tree was increased in control 2M females, compared with 0M females. These position-specific effects disappeared after BPA exposure. E, Ductal extension was significantly increased in 1M females exposed to BPA, compared with 1M control females. Scale bar, 100 m. n ϭ 8 -15/positional group for both treatments. *, P Ͻ 0.045, **, P Ͻ 0.03, ***, P Ͻ 0.025. animals, we found that overall, the BPA-exposed animals were more developed for each morphological parameter (Fig. 1B) ; significant differences between these two groups were observed for absolute ductal area (P ϭ 0.043) and ductal extension (P ϭ 0.008) (see Table 1 ).
Normal mammary gland development is affected by intrauterine position
vom Saal and colleagues (28, 29) observed effects in mice of several endocrine-related end points that were attributed to the localization of the fetus in the uterus with respect to the sex of the fetuses in close proximity. These effects are often referred to as intrauterine positioning effects (see Ref.
30 for a comprehensive review). Because of the wide range of variation in the parameters measured in E18 whole mounts, we ranked each mammary gland according to the relative position of the fetus with respect to its female and male siblings in the uterus. Several growth parameters in the ductal tree appeared to be influenced by the intrauterine position of the fetus. For instance, females positioned between two females [0 male (0M) females] had fewer branching points (Fig. 1C) and fewer terminal ends (data not shown) than females positioned between 1 male and 1 female (1M females) (P ϭ 0.022 and P ϭ 0.053, respectively) as well as females positioned between two males (2M females) (P ϭ 0.027 and P ϭ 0.041, respectively). We found that the area subtended by the ductal tree was significantly smaller in 0M females, compared with 2M females (P ϭ 0.043) (Fig. 1D) ; additionally, the ductal extension of 0M females was shorter than in 2M females (Fig. 1E ), although this trend was not statistically significant (P ϭ 0.057).
BPA alters mammary gland patterning induced by intrauterine position
We examined the morphological characteristics of BPAexposed mammary glands taking into consideration the intrauterine positioning of each fetus. Whereas in control mammary glands we found that 0M females had significantly fewer branching points and terminal ends than 1M or 2M females, in BPA-exposed animals, this pattern was obliterated. In fact, we observed that 0M females exposed to BPA had a significant increase in branching points, compared with control 0M females (P ϭ 0.042) (Fig. 1C) . We also found that in control animals, the area subtended by epithelial ducts was affected by intrauterine positioning; interestingly, this position-specific effect was not present in BPA-exposed animals (Fig. 1D) . Finally, exposure to BPA caused an increase in ductal extension in 1M and 2M females, compared with their control counterparts (Fig. 1E) , which was statistically significant in the 1M females (P ϭ 0.026).
Epithelial cell characteristics and lumen formation
We began by examining the morphological characteristics of the epithelial cells in the mammary gland. In general, the epithelial cells were rounded or oval-shaped ( Fig. 2A) . The cells along the outer border of the epithelial cord seemed to be arranged in a tight manner, whereas the cells toward the inner portion of the epithelial cord were more heterogeneous in size and shape. Most glands appeared to have a large amount of space between cord cells, and the cells were arranged irregularly within the epithelial cord. Based on these morphological criteria, we separated the epithelium into outer cord cells, comprised of the outermost layer of epithelium directly in contact with the basement membrane, and inner cord cells, comprised of all inner layers not in direct contact with the basement membrane. We also examined the expression of Ki67 to assess proliferation in the epithelial cords (Fig. 2C) . We noted that 2.58 Ϯ 0.69% of epithelial cells expressed Ki67, and these cells were equally abundant in the outer (1.37 Ϯ 0.59%) and inner cord cells (1.21 Ϯ 0.35%) (Fig.  2D) .
Every fifth section containing epithelial ducts was examined in depth. Some of the sections had epithelium with a very distinct absence of cells in the region in which the inner cord cells were normally present. We considered this distinct absence of inner cord cells to be the developing lumen (Fig.  2E) . Because the fetal gland forms as a solid cord of epithelium but the adult ducts consist of hollow tubes, it was expected that the inner cord cells would either be relocated within the compartment or undergo programmed cell death (19) . To determine whether apoptosis was playing a role in lumen formation, immunohistochemistry was performed to localize Bax, a proapoptotic marker. We observed that 2.71 Ϯ 0.48% of all cells in the epithelial cord were positive for Bax. However, the majority of the positive cells were located within the inner cord cells, and very few outer cells were immunoreactive (Fig. 2G) , indicating that the formation of a lumen is likely to be dependent on cell death in the inner cord cells.
BPA alters the mammary gland epithelium
Unlike the rounded epithelial cells in control mammary glands, we found the epithelium of BPA-exposed animals to be more spindle shaped and evenly spaced within the confines of the epithelial cord. Additionally, we observed that the average number of cells per unit area of epithelium was significantly increased in BPA-exposed compared with control animals, indicating that the epithelium is tightly compacted and the average cell size is smaller in the epithelium of BPA-exposed animals (control, 55.07 Ϯ 2.02 m 2 ; BPA, 50.63 Ϯ 2.62 m 2 ; P ϭ 0.007; n ϭ 7) (Fig. 2B) . We also examined the overall expression and localization of Ki67 within the epithelial compartment. There were no statistically significant differences in Ki67 expression in BPA-exposed mammary glands compared with controls (Fig. 2D) .
In vehicle-exposed animals, we found that six of the 16 animals examined had a clear lumen present. Of 10 BPAexposed animals, none had a lumen present (P ϭ 0.035), indicating that lumen formation may be delayed in these animals (Fig. 2F) . We also examined the expression of Bax in the epithelium of BPA-exposed females. When the Bax-positive cells were separated based on their location in the epithelium (outer vs. inner cord cells), a significant decrease in Bax-positive cells was observed in the inner cord cells of BPA-exposed relative to control mammary glands (control: 2.14 Ϯ 0.39%, BPA: 0.80 Ϯ 0.11%, P ϭ 0.021), whereas there were no differences in Bax-positive cells in the outer cells of the BPA-exposed and control glands (control: 0.58 Ϯ 0.14%, BPA: 1.05 Ϯ 0.44%, P ϭ 0.309) (Fig. 2G) . Similar results were obtained using morphological criteria for apoptotic cells (data not shown). The decrease in apoptotic cells in the central portion of the mammary gland epithelium may explain the absence of lumen formation observed in the BPA-treated animals, compared with controls.
Development of the stromal compartment
Sections stained with hematoxylin illustrated the heterogeneity of the mammary gland stroma, comprised mostly of loosely connected rounded and fibroblast-like cells scattered within abundant matrix. Interspersed within this tissue were several dozen clumps of closely associated cells. These   FIG. 2 . Development of the mammary epithelium in control and BPA-exposed females. Epithelial cells are larger and more heterogeneous in shape and size in control animals (A), compared with BPA-exposed (B). C, Ki67 expression in epithelium from a control fetus (arrowheads indicate positive cells). D, Distribution of Ki67-positive cells in the inner (red) and outer cord cells (blue) was similar for both treatments. E, Lumen formation (arrow) was observed in 38% of control animals but in none of the BPA-exposed animals (F). G, Expression of proapoptotic marker Bax was significantly decreased in the inner cord cells (red) of BPA-exposed relative to controls, but there were no differences in Bax expression in the outer cord cells (blue) by treatment. Scale bars (B and C), 20 m; (F), 100 m. *, P ϭ 0.021.
clumps varied in size and had irregular shapes. To further characterize the compartments of the mammary stroma, we stained mammary gland sections with Masson's Trichrome (Fig. 3A) . Thus, we were able to easily differentiate among the epithelium, connective tissue, blood vessels, lymph node, and developing fat pad.
Areas of the stroma having sparse cellular contributions were identified as loose connective tissue regions. The developing fat pad was characterized by clumps of cells, many of which had visible, clear vacuoles (Fig. 3C) . We measured the area occupied by each compartment within the tissue sections relative to the area of the entire section and found that 81.4 Ϯ 2.3% of the gland was comprised of loose connective tissue and 16.9 Ϯ 2.2% was the fat pad (Fig. 3D) . The remainder of the area was occupied by the lymph node, blood vessels, and epithelial cord.
To determine whether the cells containing clear, unstained vacuoles were adipocytes or preadipocytes, we stained mammary gland sections with antibodies against ALBP, a protein found in both cell types. These cells demonstrated positive staining in both the cytoplasmic and nuclear compartments (Fig. 3E) . The localization of ALBP to both cellular compartments and the rounded, lobular appearance of these cells indicates that they are either committed preadipocytes or differentiated adipocytes (31) .
BPA alters the developing fat pad
The relative areas covered by each stromal compartment in the mammary gland were unchanged after BPA treatment (loose connective tissue: 77.2 Ϯ 3%, fat pad: 20.8 Ϯ 2.7%) (Fig.  3D ). The area covered by blood vessels and the lymph node were also unaffected by treatment, and no gross changes in these structures were noted.
When we assessed the OD of each compartment, we observed a significant decrease in the density of the fat pad of BPA-exposed relative to control mammary glands (P ϭ 0.004) (Figs. 3B and 4A) . We hypothesized that this decrease in OD was due to either a decrease in the total number of cells or an increase in the amount of fat-containing vacuoles stored in the cytoplasm of these cells.
To determine whether this decrease in OD was due to a decreased number of cells in the developing fat pad, we measured the number of cells in this compartment. This morphometric analysis revealed that, in fact, the fat pads of BPA-exposed animals are significantly less cellular than the fat pads of control animals (control, 38.39 Ϯ 1.92; BPA, 32.57 Ϯ 1.05; P ϭ 0.033). Additionally, to determine whether BPA exposure caused alterations in apoptosis in the mammary fat pad, we performed immunohistochemistry for Bax. A significant increase in Bax-positive cells was noted in the developing fat pad of BPA-exposed mammary glands (P ϭ 0.047) (Fig. 4B) . These results suggest that apoptosis may be playing a role in the decreased cellular density of the developing fat pad of BPA-exposed females.
To determine whether the decreased OD of the developing fat pad in BPA-exposed animals was also due to an increase in the number of cells with unstained fat vacuoles, we counted the number of cells with clear inclusions in the cytoplasm. The total number of cells with vacuoles was increased in the fat pad of BPA-exposed animals, although this increase was not statistically significant (P ϭ 0.076) (Fig. 4C) . However, the pattern of localization of these cells was significantly altered after BPA exposure. When we measured the number of cells with clear inclusions within several distances from the epithelial compartment, there were significantly more cells with fat vacuoles in the BPA-exposed mammary glands, compared with controls at distances less than 1 mm (P Ͻ 0.02) (Fig. 4D) . The altered localization/patterning was significant, even at distances less than 75 m from the epithelium (P ϭ 0.011). These data suggest that the epithelium of BPA-exposed animals is penetrating the fat pad to a greater degree than the epithelium of control animals and may also indicate an advanced maturation of the cells comprising the fat pad. Additional examinations of cells within the fat pad indicate that BPA treatment may be altering development of adipocytes. The average cell in the fat pad of BPA-exposed mammary glands had significantly more vacuoles, compared with controls (control: 1.512 Ϯ 0.057, BPA: 1.777 Ϯ 0.037, P ϭ 0.004). However, the size of the individual vacuoles was not affected by BPA treatment (control: 12.51 Ϯ 0.973 m 2 , BPA: 12.94 Ϯ 1.506 m 2 ). Additionally, expression of PPAR␥, a marker for adipocyte differentiation, did not show any differences based on treatment (Table 2 ). However, expression of ALBP mRNA was increased in the BPA-exposed mammary glands, compared with controls, although this increase was not statistically significant ( Table 2) .
Collagen localization
The use of Masson's Trichrome stain allows for the localization of collagen in the mammary gland stroma. In most of the glands examined, this collagen was stained a dark blue and was abundant. Most of the collagen was distributed through the loose connective tissue regions, between the patches of the developing fat pad (Fig. 3A) . There was also a small layer of collagen directly abutting the epithelial cords; we referred to this collagen as periductal (Fig. 5A) .
BPA alters collagen localization
Sections stained with Masson's Trichrome indicated differences in collagen localization in BPA-exposed mammary glands when compared with controls (Fig. 3, A and B) . Overall, both the density of collagen deposits (Fig. 5C ) and area covered by collagen were decreased in BPA-exposed glands (P ϭ 0.014 and P ϭ 0.025, respectively). We also examined the periductal collagen in BPA-exposed glands (Fig. 5B) . The density of collagen within 10 m of the epithelium, within the first layer of stromal cells, was significantly increased in BPA-exposed glands, compared with controls (P ϭ 0.042) (Fig. 5D ). These differences were no longer present at 20, 30, or 50 m from the epithelium. Expression of collagen type I mRNA was not different in the BPA-exposed and control glands (Table 2) , likely because this method used mRNA from the entire mammary gland, which is heterogeneous.
ER expression
ER␣ and ER␤ mRNAs have previously been detected in mammary glands from E12.5 to E14. These transcripts are primarily localized to the developing periepithelial mesenchyme (20) . Autoradiographic experiments also revealed specific 3 H-diethylstilbestrol binding in the mesenchyme FIG. 4 . Alterations are observed in the developing fat pad of BPA-exposed females, compared with controls. A, The OD of the fat pad in BPA-exposed animals (gray) is decreased, compared with controls (black). B, Expression of the proapoptotic marker Bax is significantly increased in the developing fat pad (white) in BPA-exposed animals relative to controls. No statistically significant differences were noted in the loose connective tissue (shaded). C, The total number of cells containing fat vacuoles was increased in BPA-exposed females, compared with controls, although this increase was not significant. D, The number of adipocytes was significantly increased within 1 mm from the developing epithelium in BPAexposed females (squares), compared with controls (circles). *, P Ͻ 0.05; **, P Ͻ 0.02; ***, P Ͻ 0.005. surrounding the epithelium at E16, suggesting the presence of functional receptor in this region (32) . We used RT-PCR to determine whether the mRNAs for ER␣ and ER␤ are still present at E18 and observed that, in fact, transcripts for both receptors are present in the E18 mammary gland (Table 2 ). In addition, immunohistochemical analysis revealed that ER␣-positive cells were present in the loose connective tissue and fat pad compartments of the developing stroma (Fig. 6A ) and the developing blood vessels. Punctate staining was observed in the nucleus and cytoplasm of some mammary epithelial cells (Fig. 6B) , whereas others were completely negative. Negative control slides (incubated without primary antibody) were free of staining in either compartment (Fig. 6C) .
ER localization in the mammary glands of BPA-exposed animals
There were no statistically significant differences in ER␣ or ER␤ mRNA expression between BPA-exposed animals relative to controls (Table 2) or by quantification of ER-positive cells by immunohistochemistry (relative volume fraction of positive cells: vehicle, 0.78 Ϯ 0.21; BPA, 1.13 Ϯ 0.27). Further analysis revealed no statistically significant differences in the distribution of ER␣-positive cells in either the connective tissue or the fat pad. Additionally, we also noted expression of ER␣ in the epithelial compartment of BPA-exposed females, often as a punctate staining in only a small region of the cord (data not shown). However, we did not observe any qualitative differences based on treatment.
Discussion
Female fetuses exposed in utero to 250 ng BPA per kilogram BW per day starting at E8 displayed an overall altered morphology of the mammary gland at E18 involving the epithelial ductal tree, loose connective tissue, and developing fat pad. These results suggest that BPA exposure accelerates differentiation of the mammary fat pad, which in turn may facilitate the increased growth of the ductal tree. Additionally, BPA exposure induced changes in the extracellular matrix of the periductal stroma, which may, in turn, lead to the altered morphology observed in the epithelial cord cells, including the delay in lumen formation.
BPA induces epithelial growth, advances fat pad maturation, and alters collagen localization
BPA treatment increased ductal growth at E18, both in area and extension. The number of Ki67-positive epithelial cells was not significantly increased at this time, arguing against active proliferation at E18. Moreover, the average epithelial cell size was significantly reduced in the BPA-treated animals, thus ruling out cell hypertrophy as the cause of increased ductal growth. Therefore, it is likely that a proliferative response to BPA occurred before E18.
In the mammary mesenchyme, the fat pad of BPA-exposed animals was significantly less dense relative to controls. This was likely due to the decrease in the number of cells per unit area, increase in apoptosis, and increase in the number of cells containing fat vacuoles. In addition, there was a significant increase in the number of adipocytes within 1 mm of the epithelial tree in the mammary gland of BPA exposed animals. These findings suggest that BPA exposure results in accelerated fat pad maturation, which in turn may induce ductal growth. This interpretation is supported by in vivo and in vitro studies that revealed interactions between adipocytes and epithelial cells and their influence on epithelial differentiation, growth and cell morphology (33) (34) (35) (36) (37) (38) (39) .
In vitro studies have demonstrated that the mouse nonmammary preadipocyte cell line 3T3-L1 (33, 34) , excised mammary fat pads (35, 36) , and adipocytes isolated from the mammary gland (37) are capable of inducing proliferation and morphological differentiation of mammary epithelial cells. In vivo studies showed that mammary epithelium recombined with fat pad precursor cells form normal end buds and ductal outgrowths (38) . In contrast, recombination of epithelium with fibrous mammary stroma led to the development of abnormal, compact epithelial structures. Additionally, branching of the ductal epithelium does not occur before E16, when the first sign of adipocyte differentiation is apparent in the mammary gland. These results suggest that ductal branching occurs at this developmental state due to the inductive properties of the fatty stroma (38) . Moreover, studies of mice completely lacking white adipose tissue revealed that the mammary ducts cease to grow or branch after E18 (39) , suggesting that at this point in development, the mammary epithelium is dependent on, and perhaps especially sensitive to, modulating signals from the surrounding fat pad. It is plausible that the increase in adipocytes we observed after BPA exposure could lead to a change in a morphogen or morphostat gradient, which would increase ductal growth in these animals.
An additional conclusion from the findings presented here is that BPA may increase the differentiation rate of adipocytes, thus explaining why a greater number of stromal cells containing fat vacuoles were present in BPA-exposed animals. In vitro studies have shown that BPA, in combination with insulin, can accelerate the differentiation of adipocytes from a fibroblast cell line (40) . Our studies revealed the presence of more fat vacuoles per cell in BPA-exposed than control mammary glands suggesting that BPA accelerates lipid-uptake, a sign of advanced maturation of the fat pad. BPA-exposed animals had a greater collagen density within 10 m of the ductal epithelium, compared with controls. Studies in normal fetal mammary glands (41), transplantation experiments (42) , and three-dimensional cell cultures (43) revealed that collagen influences the morphology of the mammary epithelium. Of particular importance in this regard have been three-dimensional cultures of epithelial cells with varying amounts of type I collagen. Epithelial cells grown in a matrix that resembles the collagen composition of the normal mammary gland demonstrated normal epithelial morphogenesis (43) . However, even small increases in collagen in the matrix surrounding the epithelial cells led to altered organization of the epithelial cells and inhibited lumen formation. Thus, the alterations we observed in epithelial cell size, lumen formation, and epithelial morphology may be due to modifications in the content of periductal collagen, which is most closely associated with the epithelial ducts.
Our results also indicate that in the overall stroma, both the area covered by collagen and its collagen density decreased after BPA exposure. This result suggests that BPA distinctly affects two different stromal cell populations, one adjacent to the epithelium and a second population in the loose connective tissue. In fact, it has been suggested that the fibrous connective tissue and the adipose tissue within the mammary gland produce different types of basement membrane and extracellular matrix (44) . Therefore, it is plausible that the increased number of adipocytes in the mammary glands of BPA-exposed fetuses could alter the collagen content of the mammary stroma. Additionally, it is likely that BPA differentially alters collagen deposition or its degradation within these two regions of the stroma.
Does BPA act as an estrogen in the E18 mammary gland?
BPA is a full agonist that binds both ER␣ and ER␤, although at lower affinities than estradiol (45, 46) . ER␣ and ER␤ mRNAs are both expressed in the mammary mesenchyme from E12.5 to E14 (20) . In addition, autoradiographic experiments showed specific 3 H-diethylstilbestrol binding at E16, suggesting the presence of functional receptors in the mesenchyme surrounding the epithelium (32) . Moreover, we observed herein that ER␣ and ER␤ mRNAs are expressed in the E18 mammary gland. These data suggest that during the period of exposure we studied, ER is not only expressed but functional, and that BPA may be acting through the ERs. In fact, studies using a transgenic mouse line carrying a luciferase reporter construct coupled to estrogen response elements showed that BPA administered to these dams at E13.5 caused activation of ER in the developing fetuses within 8 h of exposure (47) . More specifically, BPA may be targeting ER in the stromal compartment. Antibodies against the ER␣ protein showed that this receptor is present predominantly in the stromal compartment, but punctate expression is also apparent in the epithelium. Because ER␣ expression is thought to be confined primarily to the epithelium at postnatal time points (48) , it is likely that at E18, there is a transition of primary ER expression from one compartment to the other. Therefore, whereas we reason that BPA acts through the stromal ER, we cannot rule out a direct action of BPA in the mammary epithelium at E18 and later. Reciprocal mammary gland recombinations would address this question directly. On the other hand, low-dose BPA effects may occur through an ER residing in the plasma membrane that binds xenoestrogens with a higher affinity than the nuclear ERs (49) .
It is possible, albeit unlikely, that BPA is acting on the fetal mammary gland through a mechanism that does not involve ER. For instance, there is evidence that BPA binds to thyroid hormone receptor, although the affinity of BPA for this receptor is severalfold lower (50) than its affinity for the ERs (51). Additionally, in vivo effects of BPA on thyroid hormone signaling have been obtained at doses more than 10,000-fold higher than those examined in the current study (52) . Moreover, there is no evidence to relate thyroid hormone receptor to embryonic mammary gland development. BPA has also been shown to have antiandrogenic activity, at doses several orders of magnitude higher than those used in the current study (53) . Additional experiments involving receptor knockout animals may further elucidate the mechanisms responsible for BPA action.
Hormonal mediation of intrauterine positional effects
Our results revealed that normal mammary gland development is influenced by intrauterine position; the mammary glands of female fetuses located between two females in the uterus (0M females) were generally less developed than females positioned between two males (2M females). This novel finding in the mammary gland positively correlates with previous reports of intrauterine positional effects on other endocrine-related end points such as prostate growth (54), responsiveness to testosterone (55), steroid metabolism (56), and age of pubertal onset and estrus cycle length (57) . Our results show that some positional effects apparent in vehicle-treated litters are obliterated by treatment with BPA such that the mammary glands of 0M BPA-exposed females are more developed than those of their vehicle-treated counterparts and similar to those seen in 2M females exposed to either vehicle or BPA.
The actual mechanisms responsible for differences in development based on intrauterine position remain unknown. It was observed that 2M females have higher levels of testosterone in their serum and amniotic fluid (28) and are more masculinized than their 0M counterparts (58) . This has been attributed to the diffusion of testosterone produced by the testes of neighboring males (59) (reviewed in Ref. 30) .
Androgen receptor knockout females show impaired mammary ductal growth in postnatal life (60) , suggesting that androgens may play an important role in postnatal gland development. If intrauterine positional effects are truly established by testosterone, one might conclude that 0M females have less developed mammary glands due to lower levels of testosterone. However, there are two potential problems with this conclusion: first, fetal testosterone exposure induces apoptosis of the epithelial stalk (61); and second, BPA is not thought to have androgenic activity at these low doses (53, 62) and therefore should not obliterate positional effects through this pathway. However, it is known that androgen metabolites can bind to ER and produce estrogenlike effects (63) . Additionally, it is possible that testosterone from neighboring male fetuses is being aromatized to estrogen in the fat of developing 2M mammary glands because fat elsewhere in the body is known to have aromatase p450 activity (reviewed in Ref. 64) . Therefore, if local aromatization of testosterone can occur in the female fetus, 2M females would actually be exposed to greater levels of estrogen than 0M females, and BPA, acting as an estrogen, could obliterate positional differences as we have observed.
Additional studies have suggested that 0M females may have higher levels of estradiol in their serum and amniotic fluid than 2M females (65) . However, because the fetal ovary is thought to be quiescent until several days after birth (66, 67) , the causal role of estrogen in positional effects is speculative at best because its origin in the fetus remains unclear. It is possible that the estradiol measured in fetuses originates from the dam and is bound to alphafetoprotein, a protein produced by the fetal liver that binds estrogens in the serum and amniotic fluid, thus making it unavailable to the developing fetus (68) .
Consequences of xenoestrogen exposure during fetal life
Development of the fetal genital tract and mammary gland is affected by very low doses of BPA, whereas doses several orders of magnitude greater are required to evoke a uterotrophic response in the prepubescent animal (69) . Bern (70) proposed that the fetus is more susceptible to exogenous hormones than the adult due to irreversible effects that occur when organogenesis is affected. Our results indeed fit well within his proposal. BPA exposure during fetal development alters the normal morphogenesis of the mammary gland. These observations made in the mammary gland at E18 are likely to represent the primary events leading to the altered tissue organization that has been observed previously in BPA-exposed animals. However, we cannot rule out important effects of BPA on the mammary gland from E18 through postnatal d 2, a period during which developing animals in our previous studies continued to be exposed to BPA via the osmotic pumps implanted in their mothers. In fact, additional ductal branching and lumen formation does occur in the mammary gland from E18 until birth, and these events may also be compromised or altered by BPA exposure and could contribute to the mammary gland phenotypes we have observed at puberty and in adulthood. The observed alterations in mammary gland tissue organization together with an increased sensitivity to estradiol are equivalent to human risk factors for breast cancer (4) . These findings strengthen the hypothesis that exposure to xenoestrogens during early development may be an underlying cause of the increased incidence of breast cancer observed in European and U.S. human populations over the last 50 yr (3-5).
